The sulfur passivation of an n-GaN surface was investigated by employing an aqueous (NH 4 ͒ 2 S solution and (NH 4 ͒ 2 Sϩt-C 4 H 9 OH solution. Photoluminescence and Auger electron spectroscopy revealed that treatment with (NH 4 ͒ 2 Sϩt-C 4 H 9 OH results in a more effective passivation of the n-GaN surface than that with (NH 4 ͒ 2 S due to a higher chemical reactivity of sulfur species in the former solution. The (NH 4 ͒ 2 Sϩt-C 4 H 9 OH-treated sample shows a stronger photoluminescence intensity by a factor of 2.5 with respect to an untreated sample. In addition, improved Ohmic characteristics of the sample are evident from current-voltage measurements. This result can be attributed to the effective removal of an insulating layer on the n-GaN surface.
I. INTRODUCTION
Since GaN-based materials have great potential for use in wide-band-gap semiconductors and are applicable to highpower/high-temperature electronic devices, 1,2 visible lightemitting diodes, 3, 4 microwave-operation field-effect transistors, 5 ultraviolet detectors, 6, 7 and high-electronmobility transistors, 8, 9 a great deal of effort is being made on process technologies which are necessary to develop such devices. For such device applications, the control of metal/ GaN interfaces is very important. In particular, a thin nativeoxide layer and other impurities are detrimental to the operation of electronic and optical devices. 10 Therefore, these contaminants must be effectively eliminated prior to metal deposition on the GaN surface. In the application of GaAs to the device fabrication process, in order to avoid the formation of a native-oxide layer and to improve device characteristics, surface passivation by other species of atoms has been extensively investigated. [11] [12] [13] Treatment of the GaAs surface with sulfur in the form of a sulfide solution resulted in the removal of the native-oxide layer and the formation of a thin protective layer on the GaAs surface, which serves to prevent its oxidation in atmosphere. 10 As a result, the treatment of a GaAs surface with a sulfide solution has been shown to be effective in enhancing the photoluminescence ͑PL͒ characteristics and the electrical properties of GaAs semiconductor devices. 12 For the case of GaN, Kim et al. 14 reported that a surface treatment with a (NH 4 ͒ 2 S x solution prior to metal deposition effectively reduced the contact resistivity of Pd to p-type GaN. In this study, we report on the passivation of an n-type GaN surface treated with different types of sulfide solutions and demonstrate that the chemical surface passivation beneficially influences the optical and electrical properties of n-type GaN.
II. EXPERIMENT
GaN films were grown by metalorganic chemical-vapor deposition ͑MOCVD͒ on c-plane sapphire substrates. A 30-nm-thick GaN buffer layer was grown at 500°C, followed by the growth of a 1-m-thick Si-doped n-GaN epitaxial film at a temperature of 1020°C. Hall-effect measurements showed that the bulk carrier concentration was 5ϫ10 17 cm Ϫ3 . The GaN layer was degreased by treatment with trichloroethylene, acetone, and methanol solutions, and then rinsed in deionized ͑DI͒ water for 10 min. The samples were first etched in HCl:H 2 O ͑1:1͒ solution for 1 min prior to the sulfide treatment for 10 min at 60°C. Two sets of samples were prepared. The first set was prepared by dipping the n-type GaN in an aqueous solution of pure ammonium sulfide ͓(NH 4 ͒ 2 S ͑20%͔͒. The second set of samples was immersed in an alcoholic solution which was comprised of 90 vol % tert-butanol (t-C 4 H 9 OH) and 10 vol % ͓(NH 4 ͒ 2 S ͑20%͔͒. The residual solution was removed from the sample after finishing the surface treatment by rinsing in DI water for 1 min. A PL measurement was carried out at room temperature in order to investigate the optical properties of the passivated samples. The PL was excited by the 325 nm line of a 17 mW He-Cd laser and the surface composition was analyzed by Auger electron spectroscopy ͑AES͒. Figure 1 shows the PL spectra of the samples after the sulfide treatments. The dramatic increase in the integrated PL intensities can be readily seen for both the sulfide-treated samples compared with the untreated one. In addition, the PL linewidths of the sulfide-treated samples are slightly narrower than the untreated one, as summarized in Table I . The highest increase in the PL intensity was observed for an n-type GaN which had been passivated in a t-C 4 H 9 OHϩ͑NH 4 ͒ 2 S solution. This increment in the PL intensity ͑a factor of 2. GaAs treated with the same solution. 13 The origin of the PL enhancement in this study remains to be further studied at this point. For the case of GaAs, however, it has been reported that the increased PL intensity for GaAs treated with a (NH 4 ͒ 2 S x solution was attributed to a modification of the surface Fermi-level position due to the formation of a new surface trap associated with As-S and Ga-S bonds. 15 From the results of x-ray photoelectron spectroscopy ͑XPS͒ and capacitance-voltage (C -V) measurements, it was found that the shift of the surface Fermi level away from midgap due to the formation of the S-related chemical bonds induces a reduction of the nonradiative surface recombination velocity, and hence, increases photoluminescence intensity.
III. RESULTS AND DISCUSSION
Another interesting result is that the sample which had been treated with the alcoholic sulfide solution exhibited a more enhanced PL intensity compared with the sample which had been treated with pure ammonium sulfide ͑see Fig. 1͒ . It has been reported that the efficiency of the GaAs surface passivation was augmented by utilizing sulfide solutions mixed with low dielectric constant alcohols. 10 The passivation of the semiconductor surface is a result of the chemical interaction of sulfur ions in solution with the surface. Therefore, the sulfur reactivity in the solution plays an important role in the increase of the efficiency of the semiconductor surface passivation. With the decreasing dielectric constant of the solution, the sulfur reactivity in the solution increases due to the enhanced electrostatic interaction between the sulfur ions and the surface atoms of the semiconductor. Since the t-C 4 H 9 OH-based solution has a lower dielectric constant than the pure (NH 4 ͒ 2 S solution, 13 the sulfur reactivity is higher in the former solution. The present results demonstrate that the effectiveness of the GaN surface passivation is also sensitive to the reactivity of the sulfur species, as is the case with GaAs. Figure 2 shows the AES spectra obtained from the surface of the sulfur-treated samples. The intensities of the oxygen and carbon Auger peaks are significantly reduced and the sulfur signal is considerably enhanced after treatment with the sulfide solutions. A small amount of oxygen and carbon is believed to be adsorbed on the GaN surface upon exposure to air during the sample transfer to the vacuum chamber for AES analysis. The peak height ratio of the sulfur signal in Fig. 2͑c͒ to that in Fig. 2͑b͒ is about 2.2. These results are in good agreement with the PL study and confirm that the t-C 4 H 9 OH-based sulfide solution greatly enhances the reactivity of the sulfur species, leading to a more effective passivation of the n-GaN surface than the pure ammonium sulfide solution.
To investigate the effect of sulfide passivation on the electrical properties of the metal/GaN interface, we also performed a metal contact experiment. The electrical properties were investigated using a transmission line method ͑TLM͒, as shown in Fig. 3͑a͒ . The active region was defined by an inductively coupled plasma etching method using Cl 2 /CH 4 /H 2 /Ar chemistry and the TLM patterns were formed by a photolithographic technique. The interspacing between the contact pads was changed from 5 to 35 m. Prior to the metal deposition, the GaN surfaces were treated with the sulfide solutions. After the chemical treatment, the samples were immediately delivered to a vacuum chamber for the deposition of titanium to a thickness of 30 nm. The current-voltage curves of the sample without annealing were measured using a parameter analyzer ͑HP 4155A͒ at room temperature. Figure 3͑b͒ shows the I -V characteristics of the samples which had been treated with different sulfide solutions. While the I -V curves of the untreated and the pure ammonium sulfide-treated samples are slightly nonlinear, the I -V curve for the GaN sample treated with an alcohol-based sulfide solution shows a linear behavior. To determine the specific contact resistivity in the samples, resistances were measured between the TLM pads by applying a constant current ͑1 mA͒ as plotted in Fig. 3͑c͒ . The specific contact resistivities obtained from the gradients and the intercepts in the plots were determined to be 5.55ϫ10 Ϫ3 , 2.50ϫ10 Ϫ3 , and 5.80ϫ10 Ϫ4 ⍀ cm 2 , respectively. Note that the specific contact resistivity decreases by one order of magnitude as the result of the surface treatment using the t-C 4 H 9 OH-based solution. This improved specific contact resistivity is indicative of the effective removal of surfaceinsulating layers, which are largely composed of oxygen and carbon, and which is consistent with the AES study as shown in Fig. 2 . The present results suggest that the sulfide treatments play an important role in preventing the formation of native oxide on the GaN surface upon air exposure prior to metal deposition.
IV. CONCLUSION
We have shown that the sulfur passivation of an n-type GaN surface with an alcohol-based sulfide solution results in an increase in the PL intensity along with improved I -V characteristics. The sample treated with a t-C 4 H 9 OH ϩ͑NH 4 ͒ 2 S solution showed a strong enhancement in PL intensity and the sulfur AES signal compared with the sample treated with a pure (NH 4 ͒ 2 S solution. These findings indicate that the alcohol-based solution passivates the n-GaN surface more effectively than the pure sulfide solution due to the increase in chemical reactivity caused by the low-dielectric solution. In addition, the metal contact experiment clearly showed that the sulfur passivation effectively prevents the formation of the insulating surface layers and influences the electrical property of the metal contact to n-GaN in a positive manner. 
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